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The effect of nanocrystal orientation on the energy loss spectra of monoclinic hafnia (m-HfO2) is measured by
high resolution transmission electron microscopy (HRTEM) and valence energy loss spectroscopy (VEELS)
on high quality samples. For the same momentum-transfer directions, the dielectric properties are also
calculated ab initio by time-dependent density-functional theory (TDDFT). Experiments and simulations ev-
idence anisotropy in the dielectric properties of m-HfO2, most notably with the direction-dependent oscillator
strength of the main bulk plasmon. The anisotropic nature of m-HfO2 may contribute to the differences
among VEELS spectra reported in literature. The good agreement between the complex dielectric per-
mittivity extracted from VEELS with nanometer spatial resolution, TDDFT modeling, and past literature
demonstrates that the present HRTEM-VEELS device-oriented methodology is a possible solution to the
difficult nanocharacterization challenges given in the International Technology Roadmap for Semiconductors.
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With the downscaling of microelectronic and optoelec-
tronic devices, accurate metrology at the nanoscale has
become an important objective for the microelectronic in-
dustry. At the same time, the International Technology
Roadmap for Semiconductors categorizes the “measure-
ment of complex material stacks and interface properties,
including physical and electrical properties” as a “diffi-
cult challenge” for ∼16 nm CMOS technology nodes1.
The characterization of high-κ gate stacks (mostly based
on hafnia-based dielectrics) is particularly complicated
due to the length scales at which electronic properties
are determined. These new challenges for characteriza-
tion and metrology arise not only from the introduction
of thinner and more complex materials and stacks, but
also from the need to discern physical properties at an
increasing spatial resolution. To develop nanocharacteri-
zation protocols that are independent of materials stacks
and integration design, even more advanced methods are
required. To our knowledge, (valence) electron energy-
loss spectroscopy (V)EELS is the only technique capable
of measuring dielectric and optical properties2 (complex
refractive index), and chemical properties3 (composition,
atomic bonding) at the same time and with nanometer
spatial resolution, when all effects are properly taken into
account4,5.
In this paper, we use the energy filtered TEM-VEELS
technique (also known as EFTEM SI),11 in a high-
resolution transmission electron microscope (HRTEM) to
simultaneously obtain the structural and spectroscopic
properties of P21/c m-HfO2 with nanometric spatial res-
olution. HfO2 is a prominent high-κ material used in
various applications like MIM capacitors6, resistive mem-
ories (OxRRAM)7 or optical coatings8. To this pur-
pose, the dielectric properties of m-HfO2 correspond-
ing to the different crystal configuration and orienta-
tions that can be grown in an electronic device must be
precisely measured, a task for which HRTEM-VEELS is
particularly suited. After detailed nanostructural mod-
eling of HRTEM measurements using quantitative im-
age simulations, we obtaine VEELS spectra for vari-
ous well identified m-HfO2 crystal orientations. For
the same momentum-transfer directions, we also cal-
culate ab initio time-dependent density-functional the-
ory (TDDFT)14 energy-loss spectra. For the calculated
TDDFT spectra, we use the random-phase approxima-
tion (RPA) and include local-field effects16,17 on top.
This level of theory allows us to reproduce, interpret, and
even predict experimental energy-loss spectra18. With its
reliability and predictivity, TDDFT is a valuable comple-
ment to experimental applied research on high-κ materi-
als for electronic devices.
For the dielectric properties and spectra of m-HfO2,
we find a significant dependence on the crystal direction.
The analysis of the main oscillators of the EELS spectra
shows that the change in lattice orientation mostly affects
the strength of the main bulk plasmon excitation at ∼16
eV. A significant anisotropy of ∼10% has been found also
on the dielectric constant.
a. Experiment HfO2 films are grown by atomic layer
deposition (ALD) on 200 mm p-Si(100) wafers. Before
deposition, substrates are treated with a diluted HF solu-
tion to remove any native oxides. ALD takes place in an
ASM Pulsar 2000
TM
module at 350 ◦C using alternating
pulses of HfCl4 and H2O, with N2 as a carrier gas. The
introduction of H2O vapor is used to desorb HCl at the
growing surface, and the cycles are repeated sequentially
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2FIG. 1. Valence bulk energy loss (left) and surface-loss spectra (right) deconvoluted from measured VEELS spectra of m-HfO2
in the case of monocrystals (top) and polycrystals (bottom) at several momentum-transfer directions, in comparison with ab
initio TDDFT simulations. The TEM images of monocrystals and the selected area diffraction pattern of the polycrystal are
also provided. Curves in top panels are vertically shifted to facilitate comparison.
to reach a thickness sufficient to maximize the crystal
quality and to minimize the surface losses. A final an-
nealing at 650 ◦C is performed to crystallize HfO2 and
minimize the amount of oxygen vacancies. A high Tauc-
Lorentz23 band gap (∼ 5.9) is measured by spectroscopic
ellipsometry and VEELS, which is consistent24 with a
low level of oxygen vacancies of this fully oxidized HfO2
layer. This layer is therefore representative of a good
quality dielectric material used in the microelectronic in-
dustry. Additional measurements are performed on high
grade m-HfO2 powders for verification.
Cross-sectional electron microscopy and diffraction ex-
periments are performed in a JEOL 2010 FEF transmis-
sion electron microscope (TEM) operated at 200 kV at
a magnification of 800 k, with an energy step of 0.1 eV
between each image acquisition. The lowest achievable
collection and convergence angles are used (few mrads)
to minimize experimental momentum dispersion. The
measured energy resolution is typically around 1.4 eV.
For verification, complementary results are obtained with
the Cs-corrected Titan microscope operated at 200 keV
in STEM and TEM modes. About 80 millions spec-
tra are acquired over 16 different samples to check the
consistency of the results and to optimize the protocols
of data acquisition and analysis. Samples are prepared
with a Strata
TM
400 DualBeam
TM
FIB/STEM system
using Ga+ ions energies ranging from 30 keV down to 2
keV. An improvement in the quality of HRTEM-VEELS
data is obtained by selective lift-off of superficial amor-
phous species by HF etching. Experimental data are cor-
rected using the guidelines provided by Schaffer et al.25
TEM lamella thickness is optimized (< 40 nm) to avoid
the need for multiple scattering deconvolution processing,
but not too thin (> 15 nm) to avoid excessive surface ef-
fects. Quantitative spectra are extremely difficult to ob-
tain because of the numerous sources of variability due to
instrumentation, sample preparation and data analysis.
The zero-loss (elastic) contribution is removed from a ref-
erence VEELS spectrum acquired simultaneously in the
vacuum region closest to the measured region of interest.
The quality and reproducibility of the deconvolution pro-
cess is verified by bandgap analysis of millions of spectra.
The TEM approach is particularly convenient for abso-
lute comparison of 2 neighbour grains with different ori-
entations, because the data acquisition is simultaneous
for both nanocrystals and the sources of instrumental
variability can be deconvoluted more efficiently. Fortu-
nately, m-HfO2 appears to be very stable under e-beam
irradiation. The Kramers-Kronig analysis26 is then per-
formed on the single scattering distributions using clas-
sical routines available in the Digital Micrograph
TM
en-
vironment to provide complex permittivities, energy-loss
functions and surface-loss functions versus local nanos-
tructure.
b. Theory Numerical calculations21 are carried out
within the framework of density-functional theory (DFT)
using a planewave and pseudopotential implementation
in a two-step approach: First, the ground state atomic
structure and electronic density of m-HfO2 is computed
by static DFT13 using the local-density approximation
(LDA)15 and the code ABINIT19. The calculated m-
HfO2 lattice parameters are in good agreement with our
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FIG. 2. Energy-loss spectra of monoclinic HfO2. From top to
bottom: TDDFT RPA with local fields calculation as in the
[100] (dot-dashed green), [010] (dashed blue) and [001] (thin
solid red) directions and their average (thick solid black line);
VEELS spectra as measured by us (polycrystalline, black), by
Park and Yang (blue)37, Couillard et al. (violet)38, Agustin
et al. (magenta)39, and Cheynet et al. (red)40. Experimental
curves are vertically shifted to facilitate comparison.
and literature12 experimental values. We use a Hf pseu-
dopotential that includes semicore 4f , 5s and 5p elec-
trons in valence since they contribute to excitations in
the studied energy range. Second, the energy-loss and
the dielectric function are calculated by linear-response
TDDFT14 using the DP20 code. The inclusion of local-
field effects has been found to be crucial to correctly re-
produce the HfO2 energy-loss function. To compare with
VEELS, TDDFT spectra are convoluted with a broaden-
ing of 1.5 eV, of the order of the experimental energy
resolution.
c. Identification of crystal structures and orientations
A careful analysis of the crystal structure is necessary
since hafnia has several phases depending on pressure28
or growth method30–33. The monoclinic phase29 (space
group P21/c) is the most stable in ambient conditions.
The simulated diffraction patterns of the different
phases are often very similar, therefore the distinction be-
tween the HfO2 polymorphs is difficult. The comparison
between experimental and simulated defocus-thickness
series usually provides an identification of the phase and
orientation of hafnia. In the worse cases, an unambigu-
ous identification is provided by exit wave reconstruction
techniques using the True Image FEI R©Software34.
d. Results: energy-loss anisotropy VEELS spectra
of single crystalline m-HfO2 measured at negligible trans-
ferred momentum oriented along five different directions
are presented in the top left of Fig. 1. The spectra usu-
ally display ten apparent features labelled from A to I,
and respectively located at around 10, 16, 20, 23, 27,
35, 38, 44 and 47 eV, although some peaks overlap and
could be considered as a broader degenerate contribution.
Similar features are obtained for the polycrystalline case
(bottom). The TDDFT calculation displays 5 main fea-
tures at 8, 16, 27, 38 and 46 eV, at positions close to
the peaks A, B, E, I and FG by less than 2 eV (see also
Fig. 2). TDDFT reveals that the shoulder A is due to
single particle transitions (O 2p→ Hf 5d), like also F and
G (Hf 5p → 5d); peak B is the only real bulk plasmon,
while E and I are collective excitations. Local-field ef-
fects severely damp peak I, which would otherwise be the
main total plasmon. Details about the theoretical calcu-
lation and interpretation will be provided elsewhere36.
Our TDDFT calculations with local-field effects can be
considered the best-available simulated energy-loss spec-
tra, with net improvement in agreement with experiment
compared to previous DFT calculations37 (which did not
predict the damping of the I collective excitation).
We now analyze differences in spectra measured along
different crystal directions. The most evident change is
a modulation of the oscillator strengths of the shoulder
A and in particular of the plasmon B. To correctly in-
terpret this finding, it is important to deconvolute the
surface loss functions (right), since the most intense fea-
ture of the surface losses is located around 13 eV, close
to the position of the bulk plasmon. Strong differences
in surface losses may therefore contribute to the lack of
perfect congruence among literature data.
When all parameters are well controlled, the compar-
ison between experiment and the TDDFT is good. Al-
though less pronounced than in the experiment, TDDFT
confirms the plasmon modulation depending on the direc-
tion. In both TDDFT and experiment, this is the most
evident effect of anisotropy, the other changes being less
obvious.
This is also evident in the TDDFT spectra shown in
Fig. 2 (top curves), where we plot the energy-loss along
the three main crystallographic directions, as well as
a directional averaged spectrum. The most important
anisotropy effect is observed once again on the bulk plas-
mon at 16 eV, with minor modifications on the rest of
the spectrum. The plasmon appears as a well separated
peak in the [001] direction, while it reduces to a shoulder
in the other directions.
To the best of our knowledge, this anisotropy in the
dielectric properties and spectroscopy of m-HfO2 has not
been previously reported. This can shed new light on the
interpretation of VEELS spectra previously measured. In
Fig. 2 we report the measured VEELS spectra of m-HfO2
published in Refs. [37–40]. We also show our measured
VEELS (polycrystalline sample).
It is evident that the measured VEELS present some
disagreements among them. We observe in particular a
different attribution of the intensity of the plasmon at
∼16 eV, which is the most intense peak e.g. in Cheynet
4FIG. 3. Real (left) and imaginary (right) permittivity of m-HfO2 measured in the case of monocrystals (top) and polycrystal
(bottom) at several momentum-transfer directions, in comparison with ab initio TDDFT simulations. Curves in the top panels
are vertically shifted to facilitate comparison.
et al.40,41, while it is less intense than the collective exci-
tation at ∼27 eV in Park and Yang37. We observe differ-
ent intensities also on the 47 eV LF-damped plasmon. In
light of our findings, the effect of anisotropy could par-
tially contribute to explain the differences among pre-
viously measured VEELS spectra, even if many addi-
tional experimental factors, like sample thickness, rough-
ness, defectivity, could also affect the result. Perform-
ing absolute and perfectly quantitative measurements is
indeed a real challenge. Current stability, convergence
and collection angle, energy resolution, type of measure-
ment (EFTEM vs. STEM), and the zero-loss removal
method might have an impact on the resulting spec-
tra, even if perfect single scattering configurations and
highly accurate corrections of anisochromaticity and spa-
tial drifts are used. The data analysis could also impact
the Kramers-Kronig process significantly. Nevertheless,
when limiting the influence of these factors, anisotropies
in m-HfO2 can be clearly observed, in agreement with
TDDFT calculations.
The real and imaginary parts of the dielectric per-
mittivity are represented in Fig. 3. Again, the overall
agreement between experiment and simulation is good,
in spite of the complexity of m-HfO2. In particular, the
real permittivity passes zero near 15 eV, indicating that
peak B is a proper bulk plasmon, in agreement with
TDDFT. Overall, we find good agreement between ex-
periment and TDDFT-RPA (with local-field effects) even
in the 20-70 eV range, which improves on previous DFT
calculations37. It is important to note that some residual
discrepancies are still present, especially in the intensity
of the first plasmon peak, which is particularly sensitive
to transitions possibly involving defect levels. But the
theoretical description can be already considered satisfac-
tory in order to interpret and describe the correct physics
in m-HfO2.
Finally, we report our TDDFT calculated dielectric
constants for m-HfO2. Here again we find significant
anisotropies. TDDFT predicts a dielectric constant of 5.0
in the [100] and [010] directions, but only 4.6 in the [001]
z direction, a difference of around 10%. The same 10%
difference is confirmed also using the TDDFT adiabatic
LDA approximation15. This anisotropy in the dielectric
properties, both in the static regime and also at the bulk
plasmon frequency, might have possible technological ap-
plications.
e. Conclusion We have measured VEELS spectra of
m-HfO2 in correspondence to well defined momentum-
transfer crystallographic directions. We have compared
the experimental spectra to TDDFT calculated, finding
a good agreement. This has allowed us to correctly in-
terpret and understand the dielectric properties of poly-
crystalline or monocrystalline m-HfO2. We have found a
significant anisotropy in the dielectric properties, mostly
on the bulk plasmon at ∼16 eV and on the dielectric con-
stant. This can impact the behaviour of (opto)electronic
devices based on this important high-κ material.
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